Abstract. In developing bean (Phaseolus vulgaris L.) seeds, nutrients move in the symplasm from sieve elements to ground-parenchyma cells where they are transported across the plasma membrane into the seed apoplasm. Release of nutrients to the seed apoplasm is related to the osmotic conditions of the apoplasm. A hypoosmotic solution, resulting from enhanced uptake of nutrients by cotyledons, stimulates nutrient release from seed coat to the apoplasm. We investigated hypoosmotic nutrient release by examining the ionic membrane currents that respond to hypoosmotic treatment in protoplasts derived from three important cell types that occur at the seed coat-cotyledonary boundary. A non-selective but predominantly K + efflux current that displayed a distinct time-dependent inactivation was elicited by membrane depolarisation under hypoosmotic conditions only in ground-parenchyma protoplasts. Hypoosmotic treatment had little effect on whole-cell ionic currents in protoplasts derived from coat chlorenchyma cells and cotyledon dermal cells. The inactivating K + efflux current was elicited under isosmotic conditions by treatment with cytochalasin D, which disrupts actin filaments. Hypoosmotic treatment and cytochalasin D failed to induce the K + current in ground-parenchyma protoplasts in the presence of the actin stabiliser, phalloidin. The net efflux of K + from intact seed coats was enhanced by hypoosmotic treatment and cytochalasin D, and the stimulation of K + efflux induced by the hypoosmotic treatment and cytochalasin D was abolished by phalloidin. A bursting Cl − channel previously described showed a similar pattern of responses. These results suggest that hypoosmotic-dependent KCl efflux from seed coats is mediated by the inactivating K + outward current and bursting Cl − channel, and that actin filaments act as components of the transduction process that is a function of cell volume.
Introduction
In developing seeds of grain legumes, the maternal seed coat and the enclosed embryo consisting of two large cotyledons are symplasmically isolated (Patrick and Offler 2001) . Therefore, all nutrients accumulated by developing embryos must first be released from seed coats and subsequently taken up by the cotyledons (Patrick and Offler 2001) . Coordinated transport across the plasma membranes of maternal seed coat cells and the cotyledon dermal cells are critical steps in the transfer of nutrients. In coats of developing seeds of Phaseolus vulgaris, phloem-imported nutrients move symplasmically from the sieve elements to specialised ground-parenchyma cells. The nutrients are then released to the seed apoplasm via transport systems in the plasma membrane of the ground-parenchyma cells (Offler and Patrick 1984; Wang et al. 1995) . Sucrose, K + , Cl − and amino nitrogen compounds are the principal nutrients transported by this route (Patrick 1984; Walker et al. 1995) . Both passive and energy-coupled components have been suggested to account for sucrose efflux from seed coats, and the energy-coupled component is mediated by proton-sucrose antiport (Walker et al. 1995 . Non-selective channels and bursting Cl − channels, located in plasma membranes of ground-parenchyma cells, are likely to serve as low resistance pathways for K + and Cl − efflux from seed coats (Zhang et al. 2002 (Zhang et al. , 2004a .
Nutrient import into and efflux from coats of developing legume seeds are characterised by their sensitivity to the osmolality of the seed apoplasmic solution (Patrick 1984; Walker et al. 2000) . The positive relationship between nutrient import into seed coats and osmolality of the apoplasmic sap is consistent with that phloem transport is driven by an osmotically-derived pressure gradient (Wolswinkel 1992) . Efflux of nutrients from seed coats of developing bean seeds is stimulated by a decrease in the apoplasmic sap osmolality (Patrick 1984; Ellis et al. 1992; Walker et al. 2000) . This feature has been explained by a turgor-homeostat model of nutrient release from seed coats (Patrick 1994 (Patrick , 1997 ). An increased turgor, which results from an enhanced uptake of nutrients from the small apoplasmic pool by the cotyledons, acts as an error signal to elicit an immediate and compensatory increase in solute efflux to homeostatically maintain turgor of seed coat unloading cells (Patrick 1994; Zhang et al. 1996) . The efflux of K + and sucrose exhibits a threshold response, where a certain threshold of turgor is required before a response is observed (Patrick 1994) . For P. vulgaris seed coats efflux of K + does not respond until the hypoosmotic change exceeds 100 mOsmolal, from a standing solution of 400 mOsmolal . A turgordependent increase in efflux results in a rapid downward turgor regulation in the unloading cells (Zhang et al. 1996) . This downwardly-regulated turgor maintains a constant hydrostatic pressure difference between source and sink, thus, allowing for a sustained phloem import into seed coats to match rates of nutrient uptake by cotyledons. Therefore, turgor of unloading cells is a key modulator to link nutrient demand by the filial cotyledons to nutrient supply from the maternal seed coats. However, the nature of the turgor-dependent increase in efflux of nutrients from seed coat of developing grain legume seeds remains to be characterised.
In mammalian cells, actin filament organisation plays an important role in modulation of ion channels and volume and cotyledon (C) of a developing seed. Bar is 40 µm. bp, branch parenchyma; c, chlorenchyma; cot, cotyledon; dcc, dermal cell complex; ea, embryonic axis; f, funiculus; ft, funiculus trace; gp, ground parenchyma; h, hypodermis; p, palisade; pw, pod wall; vb, vascular bundle; sc, seed coat, scvb, seed coat vascular bundle. regulation (Cantiello 1997; Pedersen et al. 2001; Schubert and Akopian 2004) . Involvement of the actin cytoskeleton has also been implicated in regulation of stomatal movement through modulating K + channels in plasma membranes of guard cells (Hawang et al. 1997; Liu and Luan 1998) . To understand the mechanism underlying the turgor-dependent K + efflux from seed coat ground-parenchyma cells, we studied response of whole-cell currents across plasma membranes of protoplasts using the patch-clamp technique. Protoplasts were derived from coat ground-parenchyma cells of developing P. vulgaris seeds. Responses of whole cell currents to hypoosmotic treatment and affectors of the actin cytoskeleton were monitored together with effects of these treatments on K + release from whole seed coats. Cell specificity of the hypoosmotic effect was established by comparing responses of protoplasts derived from other cell types located in developing bean seeds (Fig. 1 ).
Materials and methods

Plant materials and protoplast isolation
Plants of Phaseolus vulgaris L. (cv. Redland pioneer) were raised and seeds harvested for isolating protoplasts as described previously (Wang et al. 1995) . Seed coat halves of P. vulgaris were cut longitudinally into small pieces and digested with enzyme solution of 0.8% cellulase (Onozuka RS; Yakult Honsha, Tokyo) and 0.08% pectolyase (Sigma, St Louis, MO) for 2-3 h at 20
• C. A sucrose density gradient, as described previously (Zhang et al. 1997) , was used to collect clean protoplasts. In developing P. vulgaris seeds, ground-parenchyma cells of seed coats are involved in releasing phloem-imported solutes transported from sieve-elements (Wang et al. 1995) , and the released solutes are retrieved by dermal cells of cotyledon and transported symplastically to storage cells (Fig. 1) . Protoplasts of ground-parenchyma and chlorenchyma cells were identified on the basis of their characteristic appearance, i.e. protoplasts of ground-parenchyma cells were distinguished by a granulated cytoplasm, off-centre vacuole and lack of chloroplasts, and protoplasts of chlorenchyma cells contained chloroplasts and phenolic deposit (Zhang et al. 2002) . Branch parenchyma derived protoplasts (Fig. 1) were not identified and would have constituted a proportion of other protoplasts in the seed coat preparation. Protoplasts of cotyledon dermal-cell complexes were isolated as described by Zhang et al. (2004b) .
Electrophysiology and data analysis
Patch pipettes, pulled from borosilicate glass blanks (Clark Electromedical, Reading, UK), were coated with Sylgard R (Dow Corning, Midland, MI). Voltage across the patch was controlled and current measured using an Axopatch 200B (Axon Instruments, Foster City, CA). Whole-cell preparations were obtained by forming a gigaseal in the cell-attached mode and then applying a short burst of extra suction to rupture the membrane. Successful achievement of whole-cell configuration was indicated by a substantial increase in capacitance. Series resistance was compensated to ∼50% and capacitance was compensated. Voltage pulses of 4-6 s in duration were used to study the voltage-dependent current. Data was sampled at 2 kHz and filtered at 0.5 kHz by a low pass 4 pole Bessel filter. Sufficient time between voltage pulses was given to allow currents to settle to a steady clamp current for the particular holding potential before a new pulse was applied. Records were stored and analysed using pClamp 8.0 (Axon Instruments). All experiments were conducted at room temperature (20) (21) (22) • C). Junction potentials were calculated, and corrected for, using the program JPCalc (P.H. Barry, University of New South Wales, Sydney).
Experimental solutions
The pipette solution was composed of (mM): 100 KCl, 2.3 CaCl 2 , 2 MgCl 2 , 2 Na 2 ATP, 10 EGTA, 10 Hepes. The pipette solution was adjusted to osmolality of 720 mOsm with sorbitol and pH 7.2 with Tris. Free calcium concentration of the pipette solution was ∼50 nM calculated using the chemical speciation program GEOCHEM (Parker et al. 1987) . Two types of bath solutions were used: isosmotic solution and hypoosmotic solution that both contained (mM) 1 CaCl 2 , 1 KCl and 5 2-(N-morpholino)ethanesulfonic acid (Mes), pH 6.0 adjusted with Tris and osmolality of either 700 or 600 mOsm kg −1 adjusted with sorbitol for isosmotic and hypo-osomotic solutions, respectively.
Measurement of K + efflux
Six uniform seed coats were cut longitudinally around the integumentary fusion line and embryos carefully removed. The coat halves were arranged in their respective pairs with their longitudinal axes vertical and their cut surfaces uppermost. One coat half of each pair served as the control and the other as the treatment. Wash solutions comprised of (mM): 0.2 CaCl 2 , 5 Mes, 300 or 100 sorbitol, pH 6.0 adjusted with Tris, were dispensed into the space vacated by the embryo. Cytochalsin D (50 µM) and phalloidin (20 µM) were added into the above solutions. The apoplasmic content of the seed coat was removed during the first 10 min of wash-out. These solutions were discarded. Subsequent solution changes were collected at 10-min intervals and the collected solutions bulked for analysis of K + . The wash protocol was terminated after 30-40 min and fresh weights of the seedcoat halves determined. K + concentrations in the wash solutions were determined by flame photometry.
Results
Hypo-osomtic treatment elicited a time dependent inactivating outward current (HypoTDIOC) and bursts of Cl
− channel activity A fast-activating outward current dominated the conductance in ground-parenchyma protoplasts under near isosmotic conditions, i.e. 720 milliosmolal (mOsm) in the pipette and 700 mOsm in bath solution ( Fig. 2A) . The channel underlying the observed current was permeable to K + and other univalent cations and is believed to account for release of K + from seed coats to the seed apoplasm (Zhang et al. , 2002 . When the protoplast was exposed to hypoosmotic challenge by changing the osmolality of the bath solution from 700 to 600 mOsm, the whole-cell outward current as a function of time changed markedly (Fig. 2B ). The initial (fast activating) and maximum currents of the HypoTDIOC are shown plotted against voltage in Fig. 3B and can be compared with the fast activating and maximum currents observed in 700 mOsm (Fig. 3A ). There was a small increase in the magnitude of the fast activating current with hypoosmotic treatment (20 ± 4 mA m −2 to 28 ± 6 mA m −2 at 60 mV, Fig. 3 ). These current magnitudes are within the range reported for fast activating outward current in groundparenchyma cells at 60 mV (Zhang et al. 2002) . There was a large and distinctly time-dependent activation of outward current at voltages greater than 0 mV (Figs 2B, 3B). This time-dependent current also showed inactivation. The peak current density at + 60 mV increased from 33 ± 6 to 55 ± 6 mA m −2 (n = 9) when the osmolality in the bath solution was reduced from 700 to 600 mOsm. The HypoTDIOC induced by the 100 mOsm hypoosmotic change was found in 10 out of 13 groundparenchyma protoplasts patch-clamped, and the remaining protoplasts showed a slight increase in the outward current that did not show the apparent inactivation (data not shown).
The HypoTDIOC is unlikely to result from changes in cell volume brought about by changing the external osmolality because the cell volume already reached a steady level ∼5 min after the solution change, and the current elicited by depolarisation was measured after exposure of protoplasts to hypoosmotic solution for 10 min (Fig. 2B inset) . A similar magnitude of the response was observed for a 200 mOsm reduction but no response was observed for a 50 mOsm reduction (data not shown). When KCl was replaced with K-gluconate or K-glutamate, there was little effect on the HypoTDIOC (Fig. 2D ). This result was also observed for the fast activating outward current (Zhang et al. 2002) . Changing the voltage to more negative values before the outward current completely inactivated gave inwardly directed tail currents. From these, a reversal potential of −38 mV (−48 to −19 mV, 95% confidence limits) was estimated when 1 mM KCl was in the bath medium and −4 mV (−10 to 3 mV, 95% confidence limits) with 10 mM KCl in the bath medium. The calculated permeability of the current with the Goldman equation using the reversal potential was P K : P Cl ≈ 6 and P K : P Ca ≈ 3-5, respectively.
At the holding potential and at more negative voltages a bursting inward current also appeared under the hypoosmotic conditions (Fig. 2B) . A previous study demonstrated that the bursting inward current was carried by a burst of Cl − efflux through the simultaneous activation of several Cl − permeable channels each with a conductance of ∼18 pS (Zhang et al. 2004a ). The channels once activated then show an exponential decay in total current. The Cl − channel bursts also diminished upon returning to isosmotic conditions. The 10-90% rise-time of the bursts of Cl − channel activity was determined in this study for comparison with the activation kinetics of HypoTDIOC. The mean 10-90% rise time was 40 ± 7 ms (n = 14) and was independent of membrane potential.
A depolarisation-activated K + outward current in Arabidopsis guard cells is modulated by both the external and cytosolic activities of Ca 2+ ([Ca 2+ ] c ) (Pei et al. 1998) . To test whether the inactivating K + outward currents in ground-parenchyma cells is sensitive to activities of external and cytosolic Ca 2+ , responses of the inactivating K + outward currents to external and cytosolic Ca 2+ were investigated. The inactivating K + currents were relatively independent of external CaCl 2 concentrations. For instance, the peak current density at 80 mV was 146 ± 21 mA m −2 and 149 ± 24 mA m −2 (n = 3) for protoplasts incubated in 1 and 10 mM CaCl 2 solutions under . The fast activating current (squares) was measured between 5-10 ms from the beginning of the voltage pulse. The maximum outward currents (triangles) were measured before inactivation began for the 600 mOsm treatment and at the end of the pulse for the 700 mOsm treatment. Solutions are as described in Fig. 2 . Data are means ± s.e. of 4-9 protoplasts depending on voltage (i.e. some protoplasts were measured with a different voltage pulse protocol to the majority).
hypoosmotic conditions. The HypoTDIOC was also found in three out of four protoplasts under hypoosmotic conditions when [Ca 2+ ] c in the pipette solution were increased to 2 µM. The peak current density of the three protoplasts with [Ca 2+ ] c of 2 µM at 80 mV was 159 ± 44 mA m −2 . This value was not significantly (P < 0.05) different from the peak current density of 148 ± 39 mA m −2 (n = 10) with [Ca 2+ ] c of 5 nM in the pipette solution.
HypoTDIOC occurred exclusively in the ground-parenchyma cells
Cellular localisation of the hypo-osomotic-activated current was tested using protoplasts derived from seed-coat cells other than the ground-parenchyma cells and from dermal cell complexes of developing bean cotyledons. Protoplasts derived from chlorenchyma cells are identified by the presence of chloroplasts and phenolic deposits, and they are also smaller in diameter (cf. Zhang et al. 1996 Zhang et al. , 2002 . These protoplasts showed large time-dependent inward current activated by hyperpolarising potentials and a fast-activating outward current activated by depolarising potentials (Fig. 4A) . The time-dependent inward current was carried by K + influx as demonstrated by a sharp decrease in the current magnitude upon decreasing the external KCl from 10 to 1 mM (data not shown). This type of current was found in six out of eight protoplasts patch-clamped. The remaining two protoplasts exhibited currents dominated by fast-activating outward and inward currents, which are reminiscent of non-selective current characterised in groundparenchyma cells . When protoplasts displaying the large time-dependent inward currents were exposed to the hypoosmotic treatment, identical to that used for ground-parenchyma protoplasts, a slight increase in both the outward and inward current was consistently observed (Fig. 4A  v. 4B, C) , but neither the HypoTDIOC nor the Cl − channel bursts were present.
Protoplasts derived from cotyledon dermal-cells displayed a fast-activating, Ca 2+ -dependent, and non-selective cation channel under isosmotic conditions ( Fig. 5A ; also see Zhang et al. 2004b) . Hypoosmotic treatment only marginally stimulated the whole-cell plasma membrane currents (Fig. 5B v. 5A, C) and neither the time-dependent inactivating outward current or the bursting inward current were observed. These results show that the hypoosmotic-responsive channels are restricted to the seed coat ground-parenchyma cells of developing bean seeds.
Actin filaments are involved in activation of HypoTDIOC
Actin filaments have been shown to play an important role in modulating ion channels and cell volume in both animal and plant cells (Hwang et al. 1997; Janmey 1998; Liu and Luan 1998; Stoeckel and Takeda 2002; Wang et al. 2004) . In this context, when ground-parenchyma protoplasts bathed in isosmotic conditions were treated with cytochalasin D (CD), a disrupter of the actin-based cytoskeleton, the HypoTDIOC was activated (Fig. 6A v. 6B ). On removal of CD, current amplitude was attenuated (Fig. 6B v. 6C) . The hypoosmotic and CD treatments induced outward currents that were comparable in terms of inactivation kinetics (cf. Figs 2B , 5B) and peak current magnitude (Fig. 7) . However, the CD induced current was not reversible (Fig. 6) . Furthermore, the outward current did not respond to CD treatments under hypoosmotic conditions (Fig. 7) , indicating that CD and hypoosmotic treatments were not additive.
In guard cells, changes in actin filaments in response to cytochalsin D (Hawang et al. 1997 ) and hypoosmotic treatment (Liu and Luan 1998) have been visualised using FITC-phalloidin and confocal microscopy. Attempts were made to visualise actin filaments of the ground-parenchyma cells using the same protocols, but strong autofluorescence in the seed coat cells due to presence of phenolic deposits prevented visualisation of the actin filaments in the coat cells.
To further test whether the hypoosmotic induced outward current is modulated by actin filaments, we investigated the effect of 20 µM phalloidin, an agent that stabilises the actin filaments (Coluccio and Tilney 1984) . Hypoosmotic treatment with phalloidin present in the pipette solution did not induce HypoTDIOC in ground-parenchyma protoplasts, but there was a 30% increase in the whole-cell inward current (Fig. 8) . The current magnitude at 80 mV increased from 39 ± 14 mA m −2 to 53 ± 17 mA m −2 (n = 5) in response to a reduction of the osmolality in the bath solution from 700 to 600 mOsm in the presence of phalloidin in the pipette solution. A similar response was observed when ground-parenchyma protoplasts were treated with CD in the presence of phalloidin (data not shown). These results suggest that hypoosmotic-induced HypoTDIOC in ground-parenchyma protoplasts involves depolymerisation of actin filaments. The bursting Cl − channel was also diminished under hypoosmotic conditions when phalloidin was present (cf. Figs 2B v. 8B) . 
K + efflux from seed coats was sensitive to hypoosmotic and CD treatments
In order to ascertain that the electrophysiological measurements were physiologically relevant to the intact seed coat we investigated the effects of hypoosmotic, CD and phalloidin treatments on the net flux of K + from seed coats. The The hypoosmotic and isosmotic solutions were composed of (mM): 1 KCl, 1 CaCl 2 , 5 MES with pH 6.0 and osmolality of 600 and 700 mOsm, respectively.
in vivo osmolality of developing P. vulgaris seed is ∼300 mOsm (Zhang et al. 1996) . When seed coat halves were exposed to a hypoosmotic solution containing 100 mM sorbitol, K + release was enhanced by 131% compared with control solution of 300 mM sorbitol (Table 1) . When the seed coat halves were incubated in 300 mM sorbitol solutions, addition of CD elevated the net K + efflux by 128% (Table 1) . However, when the seed coat halves were pre-treated with phalloidin, hypoosmotic and CD treatments caused a marginal, but statistically insignificant (P = 0.18) increase, in K + efflux from seed coats (Table 1) . Phalloidin had no significant effect (P = 0.53) on K + release from seed coats in 300 mM sorbitol (Table 1) .
Discussion
Ground-parenchyma cells in coats of developing bean seeds function to release phloem-imported nutrients from seed coats to the seed apoplasm (Wang et al. 1995; Patrick and Offler 2001) . Nutrient release from ground-parenchyma cells is distinguished by its stimulation by increased turgor beyond a threshold level after a hypoosmotic transfer (Patrick 1994; Walker et al. 2000) , resulting in turgor being regulated downward (Zhang et al. 1996) . Despite many decades of research there are still large gaps in our knowledge about the mechanism of plant cell turgor regulation, particularly in relation to the sensor and signal transduction pathways (Findlay 2001; Bisson et al. 2006; MacRobbie 2006a) . The ground parenchyma of the seed coat is a convenient system to study the mechanism of higher plant turgor regulation because the cells can be readily identified, fluxes can be measured in a relatively intact state, and protoplasts can be isolated and identified for patch-clamp studies (Zhang et al. 2002) .
Here and in previous work we have focussed on the ion channels responsible for K + and Cl − release across the plasma membrane of protoplasts under voltage clamped conditions in response to hypoosmotic transfer. Although it is acknowledged that the tonoplast response to changes in turgor/volume must be equally important (MacRobbie 2006a), the plasma membrane is conveniently studied in the whole-cell patch-clamp configuration because the protoplast remains in a relatively intact state and the cytoplasmic solution composition is defined. Previous study has revealed that hypoosmotic stimulation of a bursting Cl − efflux channel in patch-clamped protoplasts derived from ground-parenchyma cells may account for the hypoosmotic-induced Cl − efflux from bean seed coats Table 1 . Effect of hypoosmotic, 50 µM cytochalasin D and 20 µM phalloidin on release of potassium from P. vulgaris seed coat halves Data was expressed as percentage of K + released compared with control solution of 300 mM sorbitol, 0.2 mM CaCl 2 , 5 mM MES, pH 6.0. The hypoosmotic solution was composed of 100 mM sorbitol, 0.2 mM CaCl 2 , 5 mM MES, pH 6.0. Four seed coat halves per replicate; corresponding halves between control and treatment washed in 5 mL volumes of bath solution (cf. Walker et al. 1995) ; initial 0-10 min wash-out 3 × 3 min, thereafter changed at 10-min intervals. K + efflux rate from seed coats in the control solution was 11.9 ± 0.6 µmol g −1 h −1 . Data are mean ± s.e. of four independent replicates Treatment K + efflux (% of control) Hypoosmotic 131.4 ± 6.7 CD 128.5 ± 7.8 Phalloidin 98.4 ± 6.9 Hypoosmotic + phalloidin 111.6 ± 5.3 CD + phalloidin 107.5 ± 6.2 (Zhang et al. 2004a) . In the present study, we demonstrate that hypoosmotic treatment also evoked an outward current (HypoTDIOC) permeable mainly to K + with pronounced time dependent inactivation. A comparable outward current was elicited when protoplasts treated with the actin filament disrupter, cytochalasin D under near isosmotic conditions (Fig. 3) . The HypoTDIOC induced by hypoosmotic-treatment and cytochalasin D was diminished in the presence of actin stabiliser, phalloidin (Fig. 8) . There was a similar effect of hypoosmotic, cytochalasin D and phalloidin on K + efflux from intact coats of developing bean seeds (Table 1) . These combined findings indicate that actin filaments are important components of the pathway that senses hypoosmotic conditions that modulate K + efflux channels in plasma membranes of ground-parenchyma cells.
The involvement of actin filaments in volume regulation in mammalian cells has been well documented (Cantiello 1997) . In animal cells, the actin cytoskeleton modulates channelmediated transmembrane ion fluxes by directly interacting with channel proteins (Berdiev et al. 1996) , or indirectly through activation of signalling molecules associated with actin filaments, such as phospholipase C (PLC) (Raucher and Sheeta 2001) and protein kinase A (Prat et al. 1995) . There is evidence showing that the actin cytoskeleton is involved in regulation ion channels of plant cells. For instance, cytochalasin D treatment, which disrupts actin filaments, stimulates light-induced stomatal opening, and stabilising actin with phalloidin inhibits ABA-induced stomatal closing (Hwang et al. 1997) . Potassium channels in guard cells are sensitive to osmotic gradients across the plasma membrane where under hypoosmotic conditions, the K + inward and outward channel is enhanced and inhibited, respectively (Liu and Luan 1998) . This behaviour would oppose turgor maintenance and was proposed to create a positive feedback system which speeds the guard cell opening and closing responses. Actin filaments appear to be involved in sensing the osmotic gradient in guard cells as demonstrated using cytochalasin D that restores the inhibition of the inward K + channel under hyperosmotic conditions (Liu and Luan 1998) . The stretch-activated Ca 2+ channels are thought to participate in the hypoosmotic turgor regulation .
Recently Zhang et al. (2007) demonstrated a hypoosmoticallyactivated Ca
2+ channel in guard cell plasma membrane that responds to membrane tension and to the state of actin filaments. By contrast, the hypo-osmotcally-activated K + channels in ground-parenchyma cells were independent of [Ca 2+ ] c and directly modulated by the actin filaments (Fig. 6) . It remains to be established whether the hypoosmotically-activated pulsing Cl − channels in ground-parenchyma cells is stimulated by Ca 2+ influx through the stretch-activated Ca 2+ channels as a result of cytochalasin D exposure. Disrupting actin filaments with cytochalasin D activated the channels and amplified the response to hypoosmotic transfer, while stabilising actin with phalloidin blocked the channels from responding to hypoosmotic transfer and membrane tension.
In contrast to observations by Liu and Luan (1998) , Homann and Thiel (2002) found that both inward and outward K + channels were activated by swelling of guard cell protoplasts (pressure induced). In this case the increase in K + currents was accounted for by addition of active channels to the plasma membrane through exocytosis during the pressure-driven increase in the surface area (Homann and Thiel 2002) . This is unlikely to be the explanation for the specific responses seen in the ground-parenchyma cells in our experiments where there was only a small increase in activity of the background currents (normalised to membrane surface area). Furthermore, the CD treatment induced a similar response of the inactivating K + channel and bursting Cl − channels to hypoosmotic treatment without an increase in protoplast volume. The changes in K + currents in guard cells induced by pressure-driven increase in cell volume (Homann and Thiel 2002) and hypoosmotic treatment (Liu and Luan 1998) were not accompanied by changes in the kinetics of activation and inactivation that we have described for the ground-parenchyma K + channel. An important finding in the present study is that coat groundparenchyma cells and chlorenchyma cells of developing bean seeds exhibited different kinds of ion currents, and that the currents differed in their response to hypoosmotic treatments (Figs 2 v. 4) . Previous studies based mainly on quantitative structural analysis, and movement of membrane impermeant fluorescent dyes, have suggested that release of phloemimported solutes occurs via the ground-parenchyma cells (Offler and Patrick 1984; Wang et al. 1995) . Although seedcoat groundparenchyma, chlorenchyma and cotyledon dermal cells are exposed to identical apoplasmic solutions in vivo, enhancement of whole-cell K + efflux currents in response to hypoosmotic treatment occurred exclusively in ground-parenchyma cells. This correlates with the observation that seed coat groundparenchyma cells, but not cotyledon cells, are capable of regulating turgor in response to changes in osmolality of the seed apoplasm (Zhang et al. 1996) . Furthermore, K + accounts for ∼30% of solutes released from the seed coat in developing bean seeds (Patrick 1994) , and efflux of K + , balancing anions and sucrose, are the major chemical species responsible for turgor regulation, and are closely linked . Therefore, the unique characteristics of whole-cell currents and their response to hypoosmotic treatment observed in the present study provide strong evidence that seedcoat groundparenchyma cells in developing bean seeds are sites of release of phloem-imported K + and that the channel-mediated K + efflux plays an important role in turgor downregulation in intact seed coats. Our results show that both the Cl − channels and the K + channels are similarly regulated via the actin cytoskeleton. It would appear that the Cl − channels are able to activate at negative membrane voltages and would be the trigger to elicit the K + (and other cation) outward channel once the membrane depolarised above the equilibrium potential for the cations. Thus, it is unclear why the K + channels need to be hypoosmotically sensitive and coupled to the actin sensing mechanism. Recordings of membrane potential in groundparenchyma cells showed smooth and continuous depolarisation , rather than a pulse or action potential as would be predicted from our observations. Further, when osmolality of the bath solution was reduced from 320 mOsm to zero the membrane potential of intact ground-parenchyma cells was depolarised to be −70 mV , at which level the K + outward current would not be activated (Fig. 2) . These discrepancies are likely to arise from the extensive symplasmic connections with ground-parenchyma cells in the intact tissue that would give an averaged response in membrane potential from many cells. Alternatively, the disruption of cell wall-plasma membrane-cytoskeleton continuum during the isolation of protoplasts may alter voltage dependence of the hypoosmotically-activated K + channels (Wojtaszek et al. 2005 ), leading to the observed differences in K + channel activation in protoplasts and K + efflux from intact seed coats. In considering the possible sensing mechanism during a hypoosmotic transfer one must consider the various changes that will occur in a patch-clamped protoplast and relate this to an intact cell. An hypoosmotic change in the external medium will increase turgor in an intact cell, because water potential equilibration occurs as a result of rapid water influx into the cell via the plasma membrane and embedded aquaporins. The relationship between the change in cell volume and change in turgor of an intact cell is dependent on the magnitude of the volumetric elastic modulus (Steudle 1989) . For a typical cell and volumetric elastic modulus, the relative increase in cell volume will be only a few percent compared with the relative change in turgor. In a protoplast it will be an increase in cell volume rather than turgor that will result from an hypoosmotic transfer. In a patch-clamped protoplast in the whole-cell configuration, the situation is slightly more complicated because the cell contents are perfused by the patch pipette. In this case there will be a continuous influx of water into the protoplast and then in to the patch pipette because the relatively large volume of the pipette solution will not be diluted by the osmotically induced water influx via the protoplast. MacRobbie (2006b) has shown that the transient increases in K + efflux from the vacuole of guard cells occurred in proportion to the magnitude of the change in osmolality, and on a time scale that would correlate to the transient flow of water into the cell. In our experiments the protoplast volume had come to equilibrium before we conducted the voltage-clamp experiments. However, water flow is predicted to continue into the cell and patch pipette as explained above. Therefore we cannot exclude the possibility that water flow into the protoplast is not sensed in some way or that the osmotic gradient is sensed as was shown to occur in red beet tonoplast (Alexandre and Lassalles 1991) . The only indirect evidence against this possibility is that in the seed coat flux experiments a similar response of K + efflux to the treatments we have used occurs well after water flow into the cells would have ceased.
The magnitude of the increase in K + outward channel current was 300% for a 100 mOsm decrease in the external solution osmolality. The frequency of the Cl − bursting current also shows a large simulation (i.e. increased from 0.16 to 0.63 Hz) with the same change in osmolality (Zhang et al. 2004a) and it is likely that both hypoosmotically sensitive channels are working in concert in the cell to mediate release of KCl. Under the conditions of our experiments the change in osmolality increased the protoplast volume of the order of 20%. The response in the K + outward channels and bursting Cl − channels is, therefore, relatively large for this change in volume and represents a large amplification in the transduction process, i.e. the ratio of the change in outward current to the change in cell volume is 300/20 = ∼15 : 1. Furthermore the response is likely to be of a threshold type (rather than proportional) because: (1) we observed the same magnitude of response with CD; (2) there was no further increase in the response with a 200 mOsm change; (3) there was no response for a 50 mOsm change. Thus, for ground-parenchyma derived protoplasts there is a threshold of cell volume increase somewhere between 10 and 20% (change of 50-100 mOsm under our conditions) that causes the response in K + and Cl − efflux channels. There is thus a similarity between the threshold response of seed coat K + efflux and the HypoTDIOC response in ground-parenchyma protoplasts.
How does the protoplast response relate to that of an intact turgid cell? Using a volumetric elastic modulus of 7.3 MPa and a hypoosmotic change of 200 mOsm (0.5 MPa) (Zhang et al. 1996) , corresponding to the change used for the hypoosomotic experiment on intact seed coats (Table 1) , one can calculate that the cell volume of a ground-parenchyma cell would only increase by 6.8% and, thus, would be under the threshold required for a response in protoplasts. It is likely that during the process of protoplast isolation and removal of the cell wall there are important components of the sensor that are disrupted resulting in a reduced sensitivity in protoplasts. It is probable that there are extracellular proteins that link the cell wall matrix to the membrane and/or actin cytoskeleton and removal of these connections would disrupt the sensor. In any event our results support the hypothesis that for hypoosmotic turgor regulation it is a cell volume related parameter (e.g. lateral tension), rather than turgor (stricto sensu) that is sensed.
In conclusion, our data demonstrate that hypoosmotic treatments elicited outward currents displaying a pronounced inactivation in protoplasts derived from coat of developing bean seeds. A similar inactivating outward current was found when the protoplasts were treated with cytochalasin D under iso-osmotic conditions. The inactivating outward currents evoked by hypoosmotic transfer and cytochalasin D were diminished in the presence of phalloidin. A comparable effect of hypoosmotic treatment, cytochalasin D and phalloidin on K + efflux from intact coats of developing bean seeds was also observed. The bursting Cl − efflux channel which displays similar deactivation kinetics appears to be coupled to the same sensor as the K + channel, allowing for coordinated release of KCl. These results indicate that the actin cytoskeleton is an important component in sensing and modulating hypoosmotically generated turgor-dependent release of solutes from seed coats to the seed apoplasm. We hypothesise that the sensor for turgor downregulation is actually related to a function of cell volume (e.g. membrane tension) rather than turgor per se, in order to explain the responses that we observe for protoplasts.
